Transgenic corn and cotton produce crystalline (Cry) proteins derived from the soil 21 bacterium Bacillus thuringiensis (Bt) that are toxic to lepidopteran larvae. Helicoverpa zea, a 22 key pest of corn and cotton in the U.S., has evolved widespread resistance to these proteins 23 produced in Bt corn and cotton. While the genomic targets of Cry selection and the mutations 24 that produce resistant phenotypes are known in other lepidopteran species, little is known about 25 how Cry proteins shape the genome of H. zea. We scanned the genomes of Cry1Ac-selected and 26 unselected H. zea lines, and identified eleven genes on six scaffolds that showed evidence of 27 selection by Cry1Ac, including cadherin-86C (cad-86C), a gene from a family that is involved in 28 Cry1A resistance in other lepidopterans. Although this gene was expressed in the H. zea larval 29 midgut, the protein it encodes has only 17 to 22% identity with cadherin proteins from other 30 species previously reported to be involved in Bt resistance. An analysis of midgut-expressed 31 cDNAs showed significant between-line differences in the frequencies of putative 32 nonsynonymous substitutions (both SNPs and indels). Our results indicate that cad-86C is a 33 target of Cry1Ac selection in H. zea. Future work should investigate phenotypic effects of these 34 nonsynonymous substitutions and their impact on phenotypic resistance in field populations.
Introduction
orthologues and the C. suppressalis CAD2 were first aligned to our H. zea CAD-86C sequence, 199 and a percentage identity matrix was calculated using T-Coffee available through EMBL-EBI 200 (Madeira et al., 2019) . All available BtR, CAD2, and CAD-86C sequences were then aligned to 201 one another using MUSCLE (Edgar et al., 2004) , and a phylogenetic analysis was conducted 202 using the phangorn package (v.2.5.3, Schliep, 2011) in R. We used a maximum likelihood 203 approach to distance matrix calculation, assuming a Whelan and Goldman model of molecular 204 protein evolution (Whelan and Goldman, 2001 ). An unrooted phylogeny was produced using a 205 neighbor-joining approach, and bootstrap support values for the tree nodes were calculated using 206 1000 resampling events.
208
Cad-86C expression in the H. zea midgut 209 We reasoned that cad-86C should be expressed in the larval midgut to be involved in Bt 210 resistance. To verify midgut expression, we performed reverse transcriptase quantitative PCR 211 (RT-qPCR) on samples from GA and GA-R. We dissected midguts from the F62 generation of 212 GA-R and F81 generation of GA reared in October 2017. GA-R had been selected for resistance 213 to Cry1Ac six times between the F52 generation used for genomic analysis (see above) and the 214 F62 generation. Resistance to Cry1Ac was verified in dissected GA-R larvae by selecting F62 215 neonates with a diet overlay bioassay using a concentration of 40 µg/cm2 of diet (Carrière et al., 216 2018a). Susceptibility to Cry1Ac was also verified in dissected GA larvae by selecting F81 217 neonates with a diet overlay bioassay using a concentration of 30 µg/cm 2 of diet. Seven days 218 after these bioassays were initiated, third instar (or larger) GA-R larvae were considered resistant 219 while first instar GA larvae were considered susceptible to Cry1Ac. For GA and GA-R, first and 220 third instar (or larger) larvae were respectively transferred to non-Bt diet and their midguts were dissected upon reaching 4th or 5th instar. Dissections were done in ice cold RNAlater+PBS 222 mixture. Whole midguts were stored individually in RNAlater for total RNA extraction.
223
Total RNA from dissected midguts was isolated using a Zymo Direct-zol RNA miniprep 224 according to the protocol recommended by the manufacturer. We verified RNA quality and 225 determined RNA concentration on an Experion TM automated electrophoresis station. We 226 synthesized first strand cDNA using RevertAid H minus reverse transcriptase and 1µg of total 227 RNA in a 20µL reaction. Gene specific primers were used to amplify cad-86C and an 228 endogenous control gene, α-Tubulin (see Table S2 for primer sequences). We performed 20µL 229 qPCR reactions using 10ng of cDNA, 0.5µM primers, and 10uL PowerUp SYBR Green PCR
230
Master Mix (Applied Biosystems). Cycling conditions included initial incubation at 50ºC for 2 231 minutes, followed by denaturation at 95ºC for 2 minutes, and then 40 cycles at 95ºC for 15 232 seconds, 60ºC for 1 minute on a 7300 Applied Biosystems Real Time PCR System. All reactions 233 were run in triplicate for the 13 GA-R and 14 GA individuals. We observed a single peak in the To analyze the expressed gene product and putative protein sequence, we designed 242 barcoded PCR primers in the 5' and 3' UTR regions of cad-86C, amplified the complete cDNA, 243 and sequenced this cDNA by single molecule sequencing. The midgut cDNAs from 13 GA-R and 14 GA individuals were subjected to high fidelity PCRs using the barcoded primer 245 sequences found in Table S3 . Full length cDNAs were amplified using Q5 High Fidelity DNA 246 polymerase in mastermix format (New England Biolabs Inc., Ipswich, MA, USA). The 50µL 247 reactions contained 25ng cDNA, 0.5µM primers, and 25µL of 2× Q5 mastermix, and cDNAs 248 were amplified under the following cycling conditions: initial denaturation at 95ºC for 3 minutes, 249 followed by 30 cycles of 95ºC for 30 seconds, 60ºC for 30 seconds, 72ºC for 3:40 min and a final 250 elongation step at 72ºC for 1 minute on Bio-Rad T100 Thermal Cycler (Bio-Rad Laboratories,
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Inc. Hercules, CA, USA). Amplicons were run on a 1% agarose gel and the highest molecular 
Results
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WGS Data and Variant Call 282
A total of 427,136,781 raw PE reads were generated, with 356,202,508 remaining after 283 quality filtering, and 179,040,743 remaining after mapping to the reference genome (Table S4) . (Table S5 ). The 298 right skewed distribution of ZHp values indicated a high degree of heterozygosity across most 299 40-kb windows (Figure 1d ) throughout the genome. We then examined the Z-transformed FST 300 values across these 40-kb genomic windows, but no 40-kb window had ZFST > 6, which we 301 expected given the moderate genome-wide divergence between lines (Table 1 ). The maximum 302 ZFST was 3.79 and the ZFST distribution was right skewed (Figure 1c ), indicating that there were 303 a number of genomic regions with moderate to high genetic divergence between lines ( Figure   304 1a).
305
When we parsed genomic regions displaying both low Hp (ZHp < -6), high broad-306 window FST (ZFST > 1), and statistically significant narrow-window FST (p < 0.05), we identified reference protein, was the most common variant in both lines, accounting for 86% of the 359 sequences for GA-R (nine homozygotes and one heterozygote), and 50% for GA (five 360 homozygotes and one heterozygote (Tables 4 and S8 ). Variants 2 and 3, which occurred in only 361 one individual from GA-R, were identical to the reference sequence except for an insertion at (Fritz et al., 2016) . Furthermore, genome-wide divergence between lines was 398 lower for GA and GA-R (FST = 0.23, n = 5 per line) than YHD2 and YDK (FST = 0.28, n = 43-399 46 per line). Even so, the genetic divergence between GA and GA-R was slightly higher than 400 that recommended by Perez-Figueroa (FST = 0.2) for a genome scan to identify adaptive loci 401 (Peréz-Figueroa et al., 2010) . Therefore, we used both reduced heterozygosity and statistically 402 significant genetic divergence (FST) calculated across both broad and narrow sliding genomic 403 windows, to identify genomic regions under selection. Liu, C., Li, Y., Gao, Y., Ning, C., Wu, K., 2010 . Cotton bollworm resistance to Bt transgenic Table 1 . PN is proportion of polymorphic SNPs, MAF is the mean minor allele frequency, HO and HE are observed and expected heterozygosity, and FIS is the inbreeding coefficient, and D is the average pairwise genetic distance between individuals in a population. Standard deviations are presented in parentheses. 
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